INTRODUCTION
Servomotors are used in a variety of applications in industrial electronics that includes precision positioning as well as speed control. Basically, any motor can be used in a servo system [1] Servomotors use feedback controller to control the speed or the position or both. The basic continuous feedback control is PID controller. However, PID controllers are not adaptive enough, the limitation of PID controller.
To overcome the weakness of PID controller, Prof. Zadeh in 1965 proposed a fuzzy theory and investigated by which owns good robustness [2] . But, the response of fuzzy logic controller is slower than PID controller.
Hybrid of PID and fuzzy logic in control system can overcome the problem of fuzzy logic controller. In this paper, there is a performance comparison between PID controller, PI controller, fuzzy-logic-based self-tuning PI (FBPI) controller, and fuzzy-scheduled PID (FSPID) controller.
Fuzzy systems are capable of handling complex, non-linear and sometimes mathematically intangible dynamic systems using simple solutions. It requires time, experience and skills of the designer for the tedious fuzzy tuning exercise [3] .
In fuzzy systems, the numerical input values should be first converted into the corresponding fuzzy representations by using 'fuzzifiers'. The fuzzy outputs are then provided by a fuzzy model, which could be a set of fuzzy logic rules, fuzzy relations or even a simple fuzzy table, with or without deep fuzzy reasoning. Finally, the fuzzy output can be converted back into their relevant numerical (crisp) outputs through'deffuzifiers' [4] . Basic configuration of fuzzy systems with fuzzifier and defuzzifier is shown in Fig. 1 .
Singleton fuzzifier maps a real-valued point U x ∈ * into a fuzzy singleton A' in U, which has membership value 1 at x* and 0 at all other points in U [5] . 
PID parameters controller can be tuned on-line by an adaptive mechanism based on a fuzzy logic for induction machine speed control [6] . Figure 1 . Basic configuration of fuzzy systems with fuzzifier and defuzzifier [5] II. SIMULATION OF DC SERVOMOTOR CONTROL
A. Transfer Function of DC Motor
The electric circuit of the armature and the free body diagram of the rotor are shown in Fig. 2 
In the experiment, the loaded DC motor was approximated by multiplying the plant with 0.5. 
B. Design of Fuzzy Logic Controller
In this paper, as a fuzzifier is singleton mode with two inputs: error and error rate, three uniform triangular membership functions each, and one output with two triangular membership functions. As an inference engine is Mamdani product and as a defuzzifier is center of average. In the experiment of speed controller, the controllers use the rules as shown in TABLE 1.
The fuzzy sets and their corresponding membership functions for input (error, ) (k e ω and error rate, ) (k e ω Δ ) and output (h) are shown in Fig. 3 .
The block diagram of fuzzy-logic-based self tuning PI for speed controller is shown in Fig. 4 . In Fig. 4 ,
is the process value of speed and )
is the setpoint of speed.
The output of fuzzy logic h which has the range of [0,1]. Once the value of h is obtained, the new parameters of PI controller is calculated by the following equations [9] If K Pm is the maximum value of K P and K Im is the maximum value of K I, then K P and K I can be found by
From the experiment, the maximum values of K P and K I are as follows: Figure 3 . Fuzzy sets and their corresponding membership functions [9] As a comparison, the PID controller uses Ziegler-Nichols method to get the parameters, and the PI controller uses the maximum values of the parameters above.
Experiment of position control uses FLC with seven uniform triangular membership functions and [6] ( ) 
It is noted that the system response with PI-type controller has relatively good settling time at no-load, during speed control alone but has long settling time during speed and position controls. The response with PID-type controller on the other hand has relatively long settling time and relatively large overshoot during the speed control alone, as well as both the speed and position controls. The system response with FBPI shows to have relatively smaller overshoot and settling time compares to PI-type controller, and long settling time during both speed and position control. This shows performance improve as having the hybrid fuzzy and PI controller. Applying FSPID has resulted in the very large overshoot and longer settling time during speed control only, indicating that applying this control strategy can lead to instability of the controller. The poor in the performance is due to the selection of the parameters (the fuzzy-scheduled, PID) that need to be tuned. However, it is not the scope of this paper to discuss this in detail. Interestingly, during the both speed and position controls the settling time are very good compares to the three controllers.
It is shown in TABLE 4 and 5 that FBPI controller has the best performance as speed and position controller regarding to: overshoot, settling time, and steady state error in the variation The main findings from the simulation are summarized as follows:
• The fuzzy-logic-based self-tuning PI controller takes the least time to return to the steady state level when only consider the speed control
• The fuzzy-scheduled PID controller does respond relatively faster than fuzzy-logic-based self-tuning PI controller when considering both the speed and position control
• The fuzzy-logic-based self-tuning PI controller provides the best performance
• Both hybrid controllers have the potential to provide better results if further improvement to the gains were achieved.
IV. CONCLUSION
An investigation into the development of fuzzy logic-based control strategy has been presented. It has been demonstrated that defining the fuzzy rules for the FBPI is a much simpler task than scheduling the gain for FSPID. Nevertheless both hybrid controllers have potential to provide better results if further improvement to the rules, membership functions, or gains for the schedulers were achieved.
